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Mechanism of the metabolic acidosis of selective mineral-
ocorticoid deficiency. The mechanism of generation of metabolic
acidosis in selective mineralocorticoid deficiency was investi-
gated in bilaterally adrenalectomized (ADX) rats treated with
dexamethasone and in sham-operated (S) rats. ADX rats had sig-
nificantly lower plasma sodium and bicarbonate concentrations
and significantly higher plasma potassium concentrations than S
rats did. ADX rats developed negative sodium balance when fed
a zero" sodium diet. The minimum urine pH achieved during
sodium sulfate infusion and during ammonium chloride adminis-
tration was not significantly different between ADX and S rats.
Bicarbonate reabsorption and urine minus blood Pc02 gradient
were not different between ADX and S rats. For any given urine
pH, absolute ammonium excretion was significantly lower in
ADX than it was in S rats, both during sodium sulfate infusion
and during chronic ammonium chloride administration. Gb-
merular filtration rate (GFR) was significantly lower in ADX than
it was in S rats; ammonium excretion corrected forGFR was not
different between the two groups. To determine the role of de-
creased distal sodium delivery (secondary to decrease in GFR
and enhanced proximal sodium reabsorption which resulted from
distal sodium chloride wastage) on ammonium excretion, ADX
rats were fed 0.9% sodium chloride in an effort to keep body
weight constant. Salt-loaded ADX rats had a plasma bicarbonate
concentration higher than did S rats. Salt-loading also led to a
significant increase in GFR: absolute ammonium excretion was
significantly higher than that of other ADX rats with the same
degree of acidosis. At comparable levels of GFR, there was no
difference in ammonium excretion between ADX and S rats.
Ammonium excretion was linearly related to GFR. ADX rats fed
a zero potassium diet had significantly greater ammonium excre-
tion than did all other groups of ADX or S rats receiving a normal
potassium intake. These data suggest that volume contraction is
a major factor responsible for the acidosis of selective mineral-
ocorticoid deficiency.
Mécanisme de I'acidose métabolique au cours du deficit sélectif
en minéralocorticoides. Le mécanisme de Ia creation de l'acidose
métabolique dans le deficit isolê en minêrabocorticoides a étê
étudié chez des rats ayant subi une surrénalectomie bilatérale
(ADX) traités par la dexamethasone et compares a des animaux
ayant subi un simulacre d'intervention (S). Les rats ADX ont des
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concentrations plasmatiques de sodium et de bicarbonate signifi-
cativement inférieures et de potassium significativement supé-
rieure a celles des rats S. Les rats ADX ont un bilan de sodium
negatifquand leur alimentation est dépourvue de sodium. Le pH
urinaire minimal obtenu au cours de Ia perfusion de sulfate de
sodium et de l'administration de chiorure d'ammonium n'est pas
significativement different entre les rats ADX et S. La réabsorp-
tion de bicarbonate et Ic gradient de Pco2 urine-sang ne sont pas
différents entre ADX et S. Pour un pH de lurine donné
l'excrétion absolue d'ammoniaque est significativement in-
férieure chez les rats ADX, tant au cours de Ia perfusion de sul-
fate de sodium que de ladministration chronique de chlorure
d'ammonium. La filtration glomCrulaire est significativement in-
férieure chez les rats ADX et lexcrétion d'ammoniaque corrigée
par Ia filtration glomerulaire nest pas différente entre les
groupes. Afin dévaluer Ic role de Ia diminution du debit de so-
dium au tube distal (secondaire a Ia diminution du debit de filtra-
tion glomerulaire et a l'augmentation de Ia reabsorption proxi-
male de sodium consecutive a Ia fuite distale de chiorure de so-
dium) sur l'excrétion d'ammoniaque, les rats ADX ont recu du
NaCI a 0,9% avec le but de maintenir leur poids constant. Les
rats ADX charges en sel ont une concentration plasmatique de
bicarbonate supérieure a celle des rats S. La charge en sd deter-
mine aussi une augmentation significative du debit de filtration
glomérulaire et l'excrétion absolue d'ammoniaque est supé-
rieure a celle de rats ADX ayant le même degré d'acidose. A des
niveaux comparables de debit de filtration glomérulaire il n'y a
pas de difference d'excrétion d'ammoniaque entre les groupes.
L'excrétion d'ammoniaque est une fonction linéaire du debit de
filtration gbomérulaire. Les rats ADX recevant une alimentation
sans potassium ont une excretion d'ammoniaque plus grande que
celles observées chez les autres groupes ADX ou S dont l'apport
de potassium est normal. Les observations suggèrent que Ia con-
traction du volume extracellulaire est un facteur majeur de
l'acidose au cours du deficit sélectif en mineralocorticoides.
It is well-established that aldosterone enhances
distal sodium reabsorption and enhances potassium
and hydrogen ion secretion [I]. Aldosterone excess
is commonly associated with metabolic alkalosis;
aldosterone deficiency is associated with metabolic
acidosis [2, 3]. (The terms aldosterone and mineral-
ocorticoid are used interchangeably.) It is also gen-
erally accepted that aldosterone plays no role in
proximal bicarbonate reabsorption [31. The mech-
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anism whereby aldosterone influences urinary
acidification is still not completely clear.
The acidosis of aldosterone deficiency has been
attributed to a decrease in ammonium excretion [4,
5]. This decrease in ammonium excretion may be
due to several factors. It is possible that either al-
dosterone itself [6] or the hyperkalemia of aldoste-
rone deficiency [7], or both, decrease ammonia for-
mation [8].
The role of salt depletion and the generation of
the metabolic acidosis of aldosterone deficiency has
not been studied. It is possible that salt depletion
secondary to mineralocorticoid deficiency, by re-
ducing distal delivery of sodium, restricts both hy-
drogen and potassium secretion [9, 10]. Hydrogen
and potassium retention would then cause or con-
tribute to metabolic acidosis. If this mechanism is
important to the generation of metabolic acidosis in
aldosterone deficiency, one would expect a high so-
dium intake to prevent or ameliorate the metabolic
acidosis. In the present study, we examine the role
of each of these factors in the generation of the
metabolic acidosis of selective aldosterone de-
ficiency.
Methods
Rats were anesthetized i.p. with 10 mgIlOO g of
body wt of mactin® (Promonta, Hamburg, West
Germany). Tracheostomy was performed, and one
carotid artery and jugular vein were cannulated.
The bladder was catheterized through an abdominal
incision. Blood pressure was monitored throughout
the experiment. At the start of the experiment 1251..
iothalamate diluted in saline (0.75 CiIml) was in-
fused by an infusion pump at a rate of 0.024 mllmin
throughout the course of the experiment as a mark-
er of GFR. An equilibration period of 60 mm was
allowed before any collection was started. Urine
samples were collected under mineral oil in pre-
weighed glass vials, and the urine volume was de-
termined gravimetrically. Blood samples were col-
lected from the carotid artery during the midportion
of each clearance collection; collections were of 20
mm's duration.
Bilateral adrenalectomy or sham operation was
performed through an abdominal incision. The body
weight of rats ranged between 180 and 300 g. There
was no difference in body weight between rats cho-
sen for ADX or for sham operation (235 4.75 vs.
220 6.19 g). The adrenalectomized (ADX) and
sham-operated (S) rats were treated with dexa-
methasone (10 gI100 g of body wt, i.p.) daily until
the day of the study. The ADX and sham rats were
allowed at least 3 days to recover from the surgery
before they were studied.
Table 1 presents a summary of methods used in
the different groups. The following groups of ani-
mals were studied.
Group JA: Plasma electrolytes in selective, mm-
eralocorticoid deficient animals. Sixteen ADX rats
and fourteen sham-operated rats were maintained
on a normal rat chow diet for at least 5 days after
surgery. They were then killed, and plasma elec-
trolytes were measured.
Group IB: Sodium balance. Forty-eight rats were
fed a lOg/day "zero" sodium diet for at least 4 days
before 24-hr urine collections were started. After
three consecutive 24-hr urine collections, 32 rats
were adrenalectomized and 16 were sham-operated.
Four additional 24-hr urine collections were ob-
tained after surgery.
Group 2: Sodium sulfate infusion. After one base-
line blood and urine collection, sodium sulfate (4%
solution) was infused at a rate of 0.04 mllmin for 120
Table 1. Summary of the protocol used in the different groups
Chronic Acute
amrnonium Acute Chronic sodium
chloride sodium sulfate sodium chloride bicarbonate
Groups Diet feeding infusion loading Study infusion
1A: ADX, sham Normal — — — Measurement ofplasma electrolytes
—
IB: ADX, sham Zero sodium — — — Balance —
2: ADX, sham Zero sodium — + — Clearance —
3: ADX, sham Normal + — — Clearance —
4A: ADX Normal + — + Clearance —
4B: ADX Normal — — + Measurement ofplasma electrolytes
—
5: Aortic constriction Normal + — — Clearance —
6: ADX Zero potassium + — + Clearance —
7: ADX, sham Normal — — + Clearance +
ADX denotes adrenalectomized rats; sham denotes sham-operated rats.
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mm, and three to four collections were obtained.
Nine sham-operated rats and seven ADX rats were
studied with sodium sulfate infusion. These animals
were maintained on a "zero" sodium diet (see com-
position of the diet below) for at least 6 days prior to
the study. The animals were studied 4 days after
surgery.
Group 3: Chronic ammonium chloride loading.
Eight sham-operated and seven ADX rats were in-
cluded in this study. Following either ADX or sham
operation, these animals were fed a normal rat
chow diet, but the drinking solution was replaced
by 1.5% ammonium chloride; the animals were
studied after at least 3 days of ammonium chloride
feeding. The animals were prepared for clearance
study as described above; two to three clearance
collections were obtained.
Group 4: ADX and salt loading. A) Six rats were
adrenalectomized bilaterally; following ADX they
were fed 0.9% sodium chloride as drinking fluid.
The rats were weighed daily, and if weight loss oc-
curred they were injected subcutaneously with
0.9% saline in order to maintain the body weight
constant. For at least 3 days preceding the study,
ammonium chloride was added to the saline to pro-
duce metabolic acidosis. These animals were stud-
ied an average of 8 days postADX; after baseline
collections were done, two to three clearance col-
lections were obtained.
B) Another group of 12 rats were studied. At the
time of the ADX, blood was obtained for determina-
tion of blood pH, Pco2, and electrolyte concentra-
tion. These animals were fed 0.9% sodium chloride
to keep the body weight constant, as above. These
animals were not fed ammonium chloride. Five to
seven days after the operation, the animals were ex-
sanguinated through the abdominal aorta, and blood
pH, Pco2 and electrolyte concentration were mea-
sured.
Group 5: Aortic constriction. Eight normal rats
had a metallic clip applied to the abdominal aorta
above the renal arteries to reduce the aortic diame-
ter by 50%. The animals were allowed to recover
from surgery, and they were fed a normal rat chow
diet; 3 days preceding the study, 1.5% ammonium
chloride was given as the drinking fluid. Following
baseline blood and urine collections, two to three
clearance collections were obtained.
Group 6: ADX plus potassium restriction. Four
ADX rats were fed a diet containing no potassium
(see composition of diet below). The rats were
started on this diet immediately following surgery.
For at least 3 days preceding the study, 1.4% am-
monium chloride solution in 0.9% sodium chloride
was given as the drinking fluid. Two to three clear-
ance collections were taken after obtaining blood
and urine for baseline determinations.
Group 7: Bicarbonate loading. Five ADX rats
and five sham-operated rats were fed a normal rat
chow diet after surgery and were given 0.9% so-
dium chloride as drinking fluid. They were infused
with 0.9 M sodium bicarbonate at a rate of 4 to 6 ml!
hr. When urine pH achieved a value greater than 7.8
and plasma bicarbonate remained stable, three
clearance collections were obtained.
Glomerular filtration rate, blood and urinary elec-
trolyte determinations, and statistical analyses
were performed as previously described till. The
titratable acidity was assessed by the amount of 0.1
N sodium hydroxide used to titrate I ml of urine
from urine pH up to 7.4. Ammonia was measured
by the formalin titrimetric method of Cunarro and
Weiner [12]. The values shown in Table 1 are the
average of two to three collections. Data are pre-
sented as mean SEM.
The diets used in this study were obtained from
ICN Nutritional Biochemical Division, Inter-
national Chemical and Nuclear Co, Cleveland, Ohio.
The sodium-free diet (No. 102910) contained the
following composition per 10 g of the diet: calcium,
3.04 mEq; chloride, 1.77 mEq; potassium, 2.4 mEq;
phosphorus, 0.98 mM; and small amounts of other
minerals. The potassium-free diet (No. 102714) con-
tained per 10 g of the diet: calcium, 4.805 mEq:
chloride, 0.6 jiEq; sodium, 0.83 mEq; and phos-
phorus, 1.53 m. The normal rat chow diet used in
this study had the following composition per 10 g of
the diet: potassium, 2.77 mEq; sodium, 1.77 mEq;
and chloride, 1.77 mEq.
Results
Plasma electrolytes in adrenalectomized (ADX)
and sham-operated (S) rats. Fig. 1 shows baseline
plasma electrolytes in ADX and in S rats. ADX rats
had lower plasma sodium and bicarbonate concen-
trations than the sham rats did. Plasma potassium
concentration was significantly higher in ADX than
it was in S rats; plasma chloride concentration was
not different between the two groups.
Sodium balance. Fig. 2 shows the concentrations
of sodium excretion in rats fed 10 g daily of a •ze-
ro" sodium diet. Both groups of rats ingested all the
food given both before and after the ADX or sham
operation. In the control days, there was no dif-
ference in the sodium excretion between the two
groups of animals.. Following surgery, sodium
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Abbreviations used are: pH, control urine pH; PHe, minimal urine pH;
excretion; FEN4, fractional sodium excretion.
excretion increased significantly in the ADX ani-
mals and remained unchanged in the sham animals.
The cumulative concentration of sodium excretion
was significantly higher in the ADX rats than it was
in the sham animals (ADX, 565.5 71.60, vs.
sham, 314.8 54.6 Eq/4 days, P < 0.02).
Sodium sulfate infusion. Table 2 presents the re-
suits obtained in ADX and sham rats studied with
sodium sulfate infusion (group 2). In group 2, there
was no difference between ADX and sham rats re-
garding baseline concentrations of plasma sodium,
Ex, excretion; TA, titratable acid; UNaV, absolute sodium
potassium, and chloride. ADX rats had a signifi-
cantly lower plasma bicarbonate concentration and
blood pH than did sham rats. Baseline urine pH was
not different between ADX and sham rats. The min-
imal urine pH during sod:ium sulfate infusion was
also not different between the two groups. Absolute
ammonium excretion and net acid excretion were
significantly lower in ADX than they were in sham
rats. Fig. 3 shows that for any given pH, absolute
ammonium excretion was lower in ADX than it was
in sham rats. Since GFR was lower in ADX than it
C)
>
0
[Na]
Sham LJ=12
ADX N=16
Table 2. Urinary acidification in adrenalectomized (ADX) and sham-operated rats during sodium sulfate infusion (group 2)
Parameters
measureda
Sham
(N = 9) P
ADX
(N = 7)
Weight,g
GFR,m/Imin
GFRIbody wt, ml/minIIOO g body wt
Urine values:
pH
PHe
NH4Ex,pEq/min
TA Ex, p.Eqlmin
NetacidEx,pEqlmin
NH4 Ex/GFR,Eq/m1GFR
NH4 ExIGFRIbody wt,
p.EqImIGFR/IOOgbodywt
NetacidExlGFR,pEq/m/GFR
Net acid ExIGFRIbody wt,
p.Eq/mIGFRI100 g body wt
UaaV,p.Eq/min
FENa,%
Baseline plasma values:
pH
Pco2,mmHg
Bicarbonate, mEqiliter
Sodium, mEqlliter
Potassium, mEqiliter
Chloride, mEqililer
263.00 9.10
1.16 0.10
0.44 0.04
6.46 0.11
5.07 0.04
1.84 0.14
0.88 0.13
2.67 0.24
1.67 0.19
0.63 0.07
2.41 0.26
0.92 0.10
4.80 0.58
4.80 0.84
7.38 0.03
34.00 1.5
19.80 0.83
127.00 1.93
4.40 0.27
89.00 3.15
<0.001
<0.05
NS
NS
NS
<0.001
NS
<0.05
NS
NS
NS
NS
<0.02
<0.01
NS
NS
<0.001
NS
NS
NS
186.000
0.787
0.420
6.300
5.130
1.160
0.680
1.830
1.540
0.830
2.480
1.330
8.600
10.300
7.320
27.000
12.800
127.000
4.500
87.000
12.40
0.12
0.06
0.10
0.04
0.14
0.20
0.03
0.14
0.08
0.38
0.20
1.45
1.46
0.03
7.50
1.13
4.11
0.32
3.30
[K] [C!] ]HC03[
1:
Sham ADX Sham ADX Sham ADX Sham ADX
Fig. 1. Plasma electrolytes in sham-operated rats (clear bars) and in adrenalectomized (ADX) rats (shaded bars).
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Fig. 2. Sodium excretion in rats Ofl zero" sodium diet before and after adrenalectomy or
sham operation.
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was in sham rats, ammonium excretion corrected
for GFR was not different between the two groups.
GFR corrected for body weight was not different
between the two groups. When ammonium excre-
tion and net acid excretion were corrected for both
GFR and body weight again no difference was found
between ADX and sham rats. Absolute and frac-
tional sodium excretion were significantly higher in
ADX than they were in sham rats.
Chronic ammonium chloride administration.
Table 3 shows the data of ADX and sham rats fed
ammonium chloride chronically (for 3 days). The
concentration of plasma sodium was lower in ADX
than it was in sham rats; plasma potassium concen-
tration was higher in ADX than it was in sham rats.
There was no difference in blood pH and plasma
bicarbonate concentration between the two groups.
Minimal urine pH was also not different between
Weight,g
GFR, ,nllmin
GFRlbody wt, mIl,nin/IO0 g body WI
Urine values:
pH
NH4 Ex, p.Eqlmin
TA Ex, p.Eql,nin
Net acid Ex, pEqlenin
NH4 ExIGFR,
pEqImIGFR
NH4 ExlGFRibody wt, pEq
lint GFRIIOO p body wt
Net acid ExIGFR, p.Eqlml GER
Net acid ExlGFRIbody wt, pEqImi
GFRIIOOg body WI
UNV, p.Eq/rnin
FENa, %
Baseline plasma values:
pH
Pco5, mm Hg
Bicarbonate, mEqltirer
Sodium, mEqiliter
Potassium, mEqlliler
Chloride, mEq /1 iter
Abbreviations are defined in Table 2.
8.80± 1.18
6.20± 1.12
5.30 0.49
9.30 1.32
NS
'table 3. Urinary acidification in adrenalectomized (ADX) and sham rats after ammonium chloride (group 3)
Parameters Sham ADX
measured' (N = 8) P (N = 7)
320.00
1.56
0.49
10.30
0.14
0.04
<0.01
<0.001
<0.001
244.00
0.496
0.20
22.70
0.08
0.03
5.50
2.19
0.55
2.70
0.08
0.25
0.09
0.32
NS
<0.001
NS
<0.05
5.78
0.89
0.32
1.15
0.19
0.12
0.06
0.05
1.40 0.05 <0.05 1.79 0.16
0.44
1.82
0.57
0.02
0.09
0.03
0.73
2.59
1.06
0.07
0.03
0.01
<0.001
<0.05
<0.001
<0.05
NS
NS
NS
NS
<0.05
<0.01
NS
7.34
26
13.5
145
3.0
108
0.02
1.76
0.78
1.18
0.11
1.50
7.33
27
13.5
139
3.8
105
0.03
1.67
ii 0.63
2.52
0.19
4.36
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Fig. 3.Absolute ammonium excretion plotted against urine pHfor sham rats (closed circles)
and adrenalectomized (ADX) rats (open cirices) during acute sodium sulfate infusion.
the two groups. Absolute ammonium excretion and
net acid excretion were lower in ADX than they
were in sham rats. Fig. 4 shows that for any given
pH, absolute ammonium excretion was lower in
ADX than it was in sham rats. Since GFR was
lower in ADX than it was in sham rats, ammonium
excretion corrected per GFR was slightly higher in
ADX than it was in sham rats. Ammonium excre-
tion and net acid excretion corrected for both GFR
5-
and body weight were significantly higher in ADX
than they were in sham rats. Absolute sodium ex-
cretion was higher in sham than it was in ADX rats;
fractional sodium excretion was not different be-
tween the two groups.
Fig. 5 compares ammoniurn excretion in sham
rats during sodium sulfate infusion and during
chronic ammonium chloride loading. It is clear that
at any given pH, the concentration of ammonium
Sham•
ADX 0
.
.
. 0
o •0 • 0 00 0 0 • •0 0 0
I I I I
5.0 5.5 6.0
Urine pH
Fig. 4. Absolute ammonium excretion plotted against urine pHfor sham rats (closed circles)
and adrenalectomized (A DX) rats (open circles) during chronic ammonium chloride ad-
ministration (3 days).
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excretion during chronic ammonium chloride load-
ing was higher than that observed during sodium
sulfate infusion, i.e., there was an adaptive increase
in ammonium excretion during chronic acidosis.
Fig. 6 shows a similar plot for the ADX rats; no
difference in ammonium excretion was observed
between sodium sulfate infusion and chronic am-
monium chloride loading in the ADX rats. Observe
however, that ADX rats were acidotic prior to sodi-
um sulfate infusion.
Sodium chloride loading in ADX rats. To investi-
gate the role of decreased distal sodium delivery
(due to a decrease in GFR and an enhancement of
proximal reabsorption secondary to sodium chlo-
ride wastage in the distal nephron) on acid excretion
in ADX rats, animals were fed 0.9% sodium chlo-
ride in an effort to keep a stable weight after ADX.
Table 4 shows plasma electrolytes in salt-loaded
ADX rats. Despite sodium chloride loading, ADX
rats had a significant decline in weight, although it
was of a lesser magnitude than it was in the pre-
vious group. Plasma sodium concentration de-
creased and plasma potassium concentration in-
creased significantly. Plasma bicarbonate concen-
tration increased significantly.
Table 5 shows that salt-loaded ADX rats had a
significantly greater GFR than had the previous
groups of ADX rats. Absolute ammonium excretion
was also significantly higher than that of the pre-
vious ADX groups. Thus, salt loading can increase
ammonium excretion in ADX rats, provided the
GFR increases.
Aortic constriction. To further examine the role
of the GFR and, inferentially, the role of distal so-
dium delivery on ammonium excretion, normal rats
underwent constriction of the abdominal aorta
above the renal arteries. GFR decreased significant-
ly as compared to normal rats of Group 3. GFR in
these rats, however, was not significantly different
than that of salt-loaded ADX rats (Table 5). Ammo-
nium excretion and net acid excretion were also not
significantly different. There was no difference in
ammonium excretion and net acid excretion cor-
rected for both GFR and body weight between the
two groups. Absolute and fractional sodium excre-
tion were significantly higher in ADX rats than they
were in rats with aortic constriction. Fractional
potassium excretion was also not significantly dif-
ferent between the two groups (ADX, 38.3 2.89%,
vs. aortic constriction, 38.5 6.07%).
Fig. 7 shows the relationship between absolute
ammonium excretion and GFR in ADX rats re-
ceiving a normal salt diet and a high salt diet, in
sham rats on a normal salt diet, and rats with aortic
constriction. Absolute ammonium excretion is lin-
early related to GFR (y 0.52 + 1.06x, r 0.80,
P < 0.001).
ADX rats plus potassium restriction. Table 6
Table 4. Baseline plasma electrolytes in salt-loaded adrenalectomized (ADX) rats
ADX rats
(N = 12)
Sodium
mEqiliter
Potassium
mEqiliter
Chloride
mEqiliter pH
Pco2
rum Hg
Bicarbonate
,nEqlliter
Body wt
g
Before salt loading 148 1.75 3.7 0.14 105 1.57 7.41 0.01 39 0.45 24.0 0.36 271 8.40
P <0.05 <0.001 <0.01 <0.05 NS <0.01 <0.01
After salt loading 143 0.79 4.5 0.21 99 0.9 7.43 0.01 41 1.01 26.8 0.45 253 6.45
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Fig. 5. Absolute ammoniu,n excretion plotted against urine pHfor sham rats during acute
sodium sulfate infusion (open circles) and chronic ammonium chloride administration
(closed circles).
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Table 5. Urinary acidification during chronic ammonium chloride feeding in salt-loaded adrenalectomized (ADX) rats and in normal rats
with aortic constriction
Parameters
measureda
Group 4: ADX + salt loading
(N = 6) P
Group 5: Aortic
(N =
constriction
5)
Weight,g 204 6.83 NS 220 11.82
GFR,mllmin 1.17 0.15 NS 0.83 0.14
GFRlbodywt,mllminllOogbodywl 0.57 0.07 NS 0.37 0.06
Urine values:
pH 5.77 0.08 NS 5.97 0.24
NH4 Ex,1i.Eqlmin 1.74 0.19 NS 1.63 0.45
TA Ex, pEqimin 0.55 0.06 <0.01 0.2 0.04
NH4 Ex, p.EqIml GFR 1.48 0.16 NS 1.96 0.54
NH4 Ex/GFRJbody wt, p.EqIml GFRIJOO g body wt 0.72 0.07 NS 0.89 0.25
Net acid Ex, p.Eqlmin 2.28 0.20 NS 1.82 0.44
Net acid ExIGFR/body wt, p.EqIml GFRI100 g body wt 0.76 0.07 NS 0.84 0.07
UNaV,p.Eq/min 11.1 1.65 <0.05 5.3 1.39
FENa,% 8.3 1.32 <0.02 3.9 0.39
Net acid ExIGFR, pEqimi GFR 1.56 0.12 NS 1.84 0.16
Baseline plasma values:
pH 7.29 0.03 NS 7.35 0.02
Pco2,mmHg 28.5 0.01 NS 29.5 1.91
Bicarbonate,mEq/liter 13.3 0.59 NS 14.1 0.74
Sodium,mEqlliter 140 1.86 NS 143.5 0.65
Potassium, mEqiliter 3.7 0.24 NS 3.9 0.24
Chloride,mEqlliter 106 3.06 NS 113 3.09
a Abbreviations are defined in Table 2.
shows the data of ADX rats receiving a potassium-
free diet immediately following adrenalectomy. De-
spite a potassium-free diet, ADX resulted in an in-
crease in serum potassium concentration. Abso-
lute ammonium excretion, ammonium excretion!
GFR, and ammonium excretion corrected for GFR
and body weight in this group were significantly
higher than those of all previous ADX and S groups.
Bicarbonate reabsorption. Table 7 shows bi-
carbonate reabsorption and urine minus blood Pco2
in ADX and sham rats loaded with bicarbonate.
There was no difference in bicarbonate reabsorp-
tion, urine pH, urine minus blood Pco2, and urine
bicarbonate concentration between the two groups.
The ratio of absolute bicarbonate reabsorption!ab-
solute sodium reabsorption, a parameter which cor-
rects for the influence of volume on bicarbonate
reabsorption, was not significantly different be-
tween the two groups.
Discussion
Several studies have examined the role of the ad-
renal glands on the ability of the kidneys to excrete
an acid load. The earlier studies were performed in
animals deficient both in mineralocorticoid and
glucocorticoid [4, 5]; inasmuch as glucocorticoid
hormone may play a role in ammonium production
[13], it is difficult to assess the role of aldosterone
itself on ammonium excretion in these early studies.
The present study demonstrates that in the rat, Se-
Fig. 6. Absolute ammonium excretion plotted against urine pH in adrenalectomized (A DX)
rats during acute sodium sulfate infusion (closed circles) and chronic ammonium chloride
administration (open circles).
3.0 -
2.0 -
1.0 -
..
C0
a)
xV
E0
C0
E
E
Na2SO4 ADX •
NH4CI ADX o
0
0
.
. 0
. .
. .
0 •0O •o•. . o 0o. • ..0 •
. . .
• 0
5.0 5.5 6.0 6.5
.•.
• ••
Urine pH
474 DiTella et a!
Table 6. Urinary acidification during chronic ammonium chloride loading in adrenalectomized (ADX) rats on a 'zero" potassium intake
(N = 4)
Parameters Before After
measured' NH4CI loading P NH4CI loading
Baseline plasma values:
Body wt,glliter 258.3 12.0 <0.02 223.30 6.10
Sodium,mEqlliter 149.0 2.65 <0.05 138.00 4.16
Potassium, mEqiliter 3.1 0.13 <0.05 4.50 0.23
Chloride, mEqiliter 101.5 1.83 NS 104.00 6.01
Bicarbonate, mEqiliter 25.9 1.30 <0.01 15.60 1.40
pH 7.4 0.01 <0.001 7.22 0,02
Pco2,nmHg 43.0 0.80 NS 39.00 2.75
GFR,m!/min 1.57 0.09
GFRlbodywt,mllmin/IOOgbodywt 0.70 2.74
Urine values:
pH 5.63 0.07
NH4 Ex,pEq/min 3.87 0.14
TA Ex, p.Eqlmin 0.60 0.09
Net acid Ex, pEqimin 4.47 0.19
NH4 Ex/GFR, .Eq/m1 GFR 2.48 0.12
NH4 ExIGFRIbody wt, p.EqImlIIOO g body wi 1.11 0.05
Net acid ExIGFR,,u.EqImIGFR 2.85 0.17
Net acid Ex/GFRIbody wt, p.Eq/ml!/OO g body wt 1.28 0.08
UsaV,p.Eq/min 5.40 1.92
FE5a, % 2.70 1.08
a Abbreviations are defined in Table 2.
lective aldosterone deficiency is associated with a normal sodium chloride diet suggests that the
metabolic acidosis, sodium wastage, normal bi- content of sodium chloride in the diet, rather than
carbonate reabsorption, and urine-to-blood Pco2 the dose of dexamethasone, was responsible for
gradient during bicarbonate-loading, normal ability these findings.
to achieve a steep urine-to-blood pH gradient, and Kurtzman, White, and Rogers reported that Se-
impaired ammonium excretion which was corrected lective aldosterone deficiency in dogs was associat-
either by sodium chloride loading or potassium re- ed with normal maximal bicarbonate reabsorption
striction. Some of these findings confirm data re- [3]. The mechanism of the distal acidification defect,
ported in dogs with selective aldosterone, but the however, was not studied in detail. The present
ability of sodium chloride loading to prevent the study also demonstrates that bicarbonate reabsorp-
acidosis of aldosterone deficiency and to increase tion corrected for GFR and the ratio of absolute
ammonium excretion to normal has not been previ- bicarbonate reabsorptionlabsolute sodium reabsorp-
ously reported. tion, a parameter that corrects for the influence of
It could be argued that the relatively high doses of volume on bicarbonate reabsorption, were normal
dexamethasone used in this study could account for in ADX rats [14]. The ability to raise urine-to-blood
the fact that sodium chloride-loaded ADX rats de- Pco2 gradient was normal in ADX rats, in agree-
veloped slight metabolic alkalosis. The failure of ment with similar findings in ADX dogs [15].
dexamethasone to prevent acidosis in ADX rats on Recently, it was demonstrated that in dogs with
Table 7. Bicarbonate reabsorption and urine minus blood Pco2 gradient in sham and adrenalectomized (ADX) rats
Parameters Sham ADX
measureda (N = 5) P (N 5)
Body wt,g 296.20 15.54 <0.02 225.80 14.70
GFR,,nllmin 1.19 0.32 NS 1.19 0.30
GFRibodywt,rnI/minllOOgbodywt 0.40 0.11 <0.001 0.53 0.13
Plasmabicarbonate,mEq/liter 35.4 2.34 NS 33.5 2.19
Urine values:
pH 7.94 0.02 NS 7.86 0.01
Pco2,mrnHg 53 3.18 NS 50 4.6
Bicarbonate,nEq//iter 115.5 13.86 NS 101.2 15.07
U-BPco2,mmHg 28.7 3.45 NS 27.3 3.39
TmIGFR,mEqI!iter 24.0 0.90 NS 23.5 1.00
Absolute HCO3 Reab 17.4 1.0 NS 17.8 1.0
x 100Absolute Na Reab
a Abbreviations are defined in Table 2.
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selective aldosterone deficiency, defective ammo-
nium production was due to potassium retention
[161. It was also concluded that total hydrogen ion
secretory capacity in these animals was reduced, al-
though the ability to generate a steep urine-to-blood
hydrogen ion gradient was normal. Our study like-
wise shows that the aldosterone-deficient rat main-
tains the ability to generate a steep urine-to-blood
hydrogen ion gradient and demonstrates that a regu-
latory role for potassium on ammonium excretion.
Based on studies performed on isolated tubules,
it is now established that aldosterone acts on corti-
cal collecting ducts, where it promotes sodium
reabsorption and potassium secretion [1]. It seems
reasonable to speculate that the cortical collecting
duct is also the site where aldosterone promotes hy-
drogen ion secretion. Thus, aldosterone could influ-
ence acid secretion by two mechanisms: a direct ef-
fect on secretion, and an effect secondary to sodium
chloride loss. Sodium chloride loss could lead to
volume contraction, a fall in GFR, enhanced proxi-
mal sodium reabsorption, and decreased distal so-
dium delivery [17].
Our data confirm the fact that aldosterone defi-
ciency is associated with sodium wastage, weight
loss, and a decrease in GFR which was corrected by
sodium chloride loading. The weight loss could not
be accounted for entirely by changes in sodium ex-
cretion, but it seems reasonable to postulate that
the decline in GFR was largely due to sodium loss
since it could be corrected by sodium chloride load-
ing. This observation coupled to the fact that the
body weights of the animals before ADX or sham
operation were not different suggests that correct-
ing excretory rates for body weight in the ADX rat
may artificially raise those values.
Distal sodium delivery can be assessed indirectly
by urinary sodium excretion. Unfortunately, uri-
nary sodium excretion cannot be used to assess dis-
tal sodium delivery when there is renal sodium was-
tage secondary to impaired distal reabsorption. In
the presence of a defect in renal sodium reabsorp-
tion, such as in aldosterone deficiency, urinary so-
dium excretion may be high regardless of whether
the extracellular volume is normal or contracted. It
is thus difficult to interpret the differences in sodium
excretion between ADX and sham rats as indicating
real differences in distal sodium delivery.
If a reduction in distal sodium delivery is present
in ADX rats, this could in turn result in decreased
potassium as well as hydrogen ion secretion. Potas-
sium retention would result in a decrease in ammo-
nium production, with further reduction in acid ex-
cretion. Thus, the acidosis of selective aldosterone
deficiency may be the consequence of aldosterone
deficiency itself on hydrogen ion secretion or it may
be the consequence of one or more electrolyte ab-
normalities caused by deficiency of aldosterone.
Fig. 8 depicts the several ways in which aldoste-
rone deficiency may influence renal acid excretion.
First, aldosterone may have a direct effect on the
hydrogen ion secretory pump. Al-Awqati et al have
demonstrated that aldosterone stimulates hydrogen
ion transport in the turtle bladder independently of
sodium transport [18]. They concluded that aldoste-
rone influences the conductance of active proton
S
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Fig. 7. Absolute ammonium excretion plotted against GFRfor sham rats, adrenalectoinized(ADX) rats, salt-loaded ADX rats, and normal rats with aortic constriction. All groups of
animals were fed ammonium chloride chronically.
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transport across the bladder without affecting the
proton motive force. In our study, the force of the
hydrogen ion secretory pump, as assessed by the
ability to generate a steep urine-to-blood pH gradi-
ent, was the same in normal and ADX rats. These in
vivo data are thus in agreement with data obtained
in the turtle bladder [181 and with that observed in
dogs with selective aldosterone deficiency 11161. The
failure of dogs reported by Kurtzman et al with Se-
lective aldosterone deficiency to achieve a steep
urine-to-blood pH gradient during sodium sulfate
infusion [31 may have been due to the small number
(two) of animals studied or to the fact that those
animals were not receiving a low sodium diet and
therefore were not in a state of sodium avidity [9].
Second, aldosterone could have a direct effect on
renal ammonia production. It has been recently
demonstrated that isolated perfused kidneys from
aldosterone-treated rats produced twice as much
ammonia as control kidneys did; aldosterone stimu-
lated ammonia production by activating the mito-
chondrial pathway [6]. Although these in vitro stud-
ies definitely establish that aldosterone influences
ammonia production, they do not indicate that the
lower ammonium excretion seen in aldosterone-
deficient animals is the result of a direct effect of
aldosterone itself on ammonia production.
Third, renal ammonia production is dependent on
the uptake of glutamine by the tubular cell mem-
brane [8]. In isolated perfused kidneys, aldosterone
itself has been shown to increase the uptake of
glutamine [6]. In vivo aldosterone may also have an
indirect effect on glutamine uptake through its ef-
fect on GFR and renal plasma flow; the sodium
chloride wastage of aldosterone deficiency could re-
sult in a reduction in GFR and renal plasma flow
(RPF), and since glutamine uptake has been shown
to decrease in proportion to GFR and RPF, abso-
lute ammonia production would decrease [19]. The
present study did not evaluate glutamine uptake,
and it is thus difficult to assess the contribution of
this factor on renal ammonia production of aldoste-
rone-deficient animals.
Fourth, aldosterone may influence renal acid ex-
cretion by promoting sodium transport in the distal
nephron. The transport of sodium in the distal neph-
ron is the result of distal delivery of sodium on one
hand and the presence of aldosterone on the other
[11. Enhanced sodium transport will increase total
hydrogen ion secretory capacity of the distal neph-
ron secondary to sodium and hydrogen ion ex-
change. Sodium-potassium exchange will also be in-
creased, and thus potassium retention will be less-
ened. Prevention of potassium accumulation will
favor ammonia production. In aldosterone deficient
animals, salt loading led to an increase in ammo-
nium excretion to the same level seen in normal
animals. This increase in ammonium excretion is
probably secondary to increased sodium-hydrogen
ion exchange, but it cannot be excluded with cer-
tainty that the increase in GFR and RPF by salt
loading favored glutamine uptake and thus increased
ammonia production [8, 19]. It is also possible that
salt loading by preventing potassium accumulation
resulted in an increase in ammonium excretion [7].
Regardless of which of these mechanisms is correct,
these data demonstrate that at least in this model,
sodium transport across the distal nephron is a
major factor controlling acid excretion in aldoste-
rone-deficient animals.
Fifth, potassium accumulation secondary to al-
dosterone deficiency has also been postulated to be
the responsible factor for the impaired ammonia
production in this condition [7]. When potassium
accumulation was prevented and GFR maintained
normal in ADX rats, ammonium excretion was
higher in these animals than it was in animals eating
a normal potassium diet, thus establishing that pre-
vention of potassium accumulation enhances renal
ammonia production in ADX rats.
In conclusion, these data suggest that the genera-
tion of metabolic acidosis in selective mineral-
ocorticoid deficiency is multifactorial, i.e., aldoste-
rone deficiency, volume contraction, potassium re-
tention, decreased GFR and RPF, decreased
glutamine uptake, all may be pathogenetic factors.
These data also demonstrate that volume con-
traction is a major factor responsible for the genera-
tion of the acidosis.
Fig. 8. Theoretical mechanisms whereby aldosterone deficiency
can affect renal acid excretion.
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